The aim of this study was to investigate the effects on the cell membranes of Escherichia coli of 2.45-GHz microwave (MW) treatment under various conditions with an average temperature of the cell suspension maintained at 37°C in order to examine the possible thermal versus nonthermal effects of short-duration MW exposure. To this purpose, microwave irradiation of bacteria was performed under carefully defined and controlled parameters, resulting in a discontinuous MW exposure in order to maintain the average temperature of the bacterial cell suspensions at 37°C. Escherichia coli cells were exposed to 200-to 2,000-W discontinuous microwave (DW) treatments for different periods of time. For each experiment, conventional heating (CH) in a water bath at 37°C was performed as a control. The effects of DW exposure on cell membranes was investigated using flow cytometry (FCM), after propidium iodide (PI) staining of cells, in addition to the assessment of intracellular protein release in bacterial suspensions. No effect was detected when bacteria were exposed to conventional heating or 200 W, whereas cell membrane integrity was slightly altered when cell suspensions were subjected to powers ranging from 400 to 2,000 W. Thermal characterization suggested that the temperature reached by the microwave-exposed samples for the contact time studied was not high enough to explain the measured modifications of cell membrane integrity. Because the results indicated that the cell response is power dependent, the hypothesis of a specific electromagnetic threshold effect, probably related to the temperature increase, can be advanced.
T he interaction of electromagnetic fields (EMFs) and various life processes has been studied and debated for more than half a century. Identifying and evaluating the biological effects of microwaves (MW) is complex and controversial. Whereas one of the current theories is that heat generation induced by microwaves is responsible for biological effects, there has been a persistent view in the physical and engineering sciences that microwave fields are unable to induce bioeffects other than by heating (1) (2) . Because of the scarcity of information on the mechanism of interaction between microwave and biological systems, this controversy endures.
A great number of studies of the thermal versus nonthermal bioeffects of low-power MW were performed with various cellular functions, including gene expression (3) and mutation (4), enzyme activity (5) , unfolding of proteins (6) , biochemical cell systems (7), cell wall (8) , cell morphology (9) , and cell proliferation (10) (11) (12) (13) . Whereas several authors showed nonthermal effects, safety standards have been set based solely upon the thermal effect of MW. The main reason was that no satisfactory mechanism was proposed to explain the nonthermal bioeffects.
When applied at high power, MW bioeffects induced by heating constitute one of the modern approaches for sterilization and decontamination processes in the food industry. In fact, microwaves have long been known to induce a rapid rise of temperature due to intermolecular friction (14, 15) . Several studies which have dealt with the effect of microwaves on microorganisms (16) (17) (18) (19) (20) (21) showed that the bactericidal effect of microwaves was due to thermal mechanisms. However, possible nonthermal effects of microwaves on biological systems had been discussed in numerous reports. Some authors (22) (23) (24) (25) have mentioned nonthermal or enhanced thermal effects of microwaves, while others (26, 27) have refuted the nonthermal effects of microwaves.
One of the main reasons for these conflicting conclusions, for either low-or high-power MW, is the difficulty in keeping and controlling isothermal conditions during MW irradiation. In order to understand the mechanisms of interaction between MW and microorganisms, this study was designed using accurately controlled experimental conditions and well-defined MW exposure parameters. Moreover, in order to clearly differentiate thermal and nonthermal MW effects, temperature distributions have been carried out with the discontinuous-microwave (DW)-exposed cell suspension, and the finite difference time domain (FDTD) method was used to determine the specific absorption rate (SAR) spatial distributions in the tube (28) . In this study, the bacterial effects of microwave irradiation were investigated using flow cytometry (FCM) in conjunction with propidium iodide staining to monitor cellular viability in addition to the assessment of intracellular protein release in bacterial suspensions.
MATERIALS AND METHODS
Bacterial strain and culture conditions. An indigenous strain of Escherichia coli, initially isolated from the municipal wastewater of the city of Limoges, France, was used throughout this study. It presented the following physiological characteristics: nonsporulating mobile Gram negative, cytochrome c oxidase negative, capable of aero/anaerobic growth, and exhibiting the API 20E profile 5044 552.
A starter culture of Escherichia coli was grown on a rotary shaker (250 rpm) at 37°C for 12 h to late exponential phase in peptone water (Difca; Becton, Dickinson, MD, USA), containing 10 g/liter peptone and 5 g/liter sodium chloride at pH 7.4. The cell concentration was estimated by measuring the absorbance at 580 nm and adjusted to 10 8 cells/ml using sterile culture medium. Five milliliters of this bacterial suspension was used for conventional heating (CH) and discontinuous microwave (DW) exposure.
Microbiological studies. (i) Measurement of cell culturability. Culturability of bacteria of each sample was evaluated by the plate count method. After serial dilutions in a sterile phosphate-buffered saline (PBS) solution, 0.-ml aliquots of the dilutions were inoculated into aerobic plate count agar (Difco, Detroit, MI, USA). Each dilution was spread in triplicate. CFU were then determined after incubation at 37°C for 24 h. Each result was the arithmetic mean from triplicates.
(ii) Cell staining and flow cytometry analyses. For flow cytometry, exposed and control samples were diluted in PBS buffer to obtain a 10 6 cells/ml suspension.
PI staining. Cells were stained using propidium iodide (PI) (Molecular Probes, Eugene, OR, USA), a DNA binding probe (molecular weight, 668.4). Since it could diffuse into cells only if their membranes are damaged, PI is also considered a valuable probe for the evaluation of membrane integrity (29) . A stock solution of PI was prepared at a final concentration of 0.5 mg/ml in distilled water and was stored in the dark at 4°C. PI was added to bacterial suspensions at a final concentration of 25 g/ml during CH or DW treatments or immediately after exposure depending on the type of experimentation. Cells suspensions were incubated in the presence of the probe for a total time of 5 min at room temperature before cytometry analyses.
Flow cytometry analyses. Flow cytometry analyses were performed using a FACSVantage cell sorter (Becton, Dickinson, MD, USA) equipped with a 488-nm (excitation wavelength of PI) argon laser. PI red fluorescence was collected with a long-band-pass filter, and bacterial green autofluorescence was collected with a 530-nm-band-pass filter. Four parameters were recorded: forward scatter (FSC), related to cell size, side scatter (SSC), related to cell structure, red fluorescence of PI, related to cell membrane integrity, and green autofluorescence of bacteria. The results were analyzed with red versus green fluorescence cytograms, since bacterial green autofluorescence enables a better bacterial population separation from background noise and cellular debris than FSC or SSC. FSC and fluorescences were collected in a 4-decade logarithmic scale, whereas SSC was collected in linear scale. The photomultiplier voltage was chosen such that control suspension (untreated Escherichia coli suspension) had no red fluorescence above the first decade. A minimum of 10,000 cells were analyzed at a flow rate of approximately 500 cells/s.
Measuring protein leakage. The amount of protein released from the DW-and CH-treated cells was measured after adaptation of the Bradford method (30) at 595 nm using the Bio-Rad protein assay dye reagent (BioRad S.A., Germany). Bovine serum albumin was used as the standard protein. After treatment (CH or DW exposure), an aliquot of 1 ml was centrifuged at 9,000 rpm (Biofuge Fresco; Heraeus Instruments, Germany) and subjected to protein measurement.
CH. CH was performed in a shaking water bath (model A120T; Lauda, Germany) at 37°C Ϯ 1°C. As for DW exposure, glass tubes containing 5 ml of bacterial suspensions were used. The temperature of the cell culture in the test tube was routinely measured by a Teflon-coated thermocouple (CTX 1200; Avantec, France). The time needed for the cell suspension in the water bath to reach 37°C from room temperature was determined to be 75 s using the fluoroptic probe (model 501; Luxton, California, USA). The test tube was regularly gently shaken.
Microwave exposure. (i) Exposure system. The DW exposure system ( Fig. 1) consisted of a function generator (model 33120A; Agilent, California, USA) (G1), a 2.45-GHz-microwave generator (model GMP 20KE/D; Sairem, France) (G2) containing an internal cooling system for the magnetron, and an isolator (IS) with another cooling system for dissipating the reflected power and protecting G2, a bidirectional coupler (BC) with two power meters: PM1, which measures incident power (Pi), and PM2, which measures reflected power (Pr). A metallic cylindrical cavity (A) (Fig. 2 ) was used to expose the samples. Five milliliters of bacterial suspension was exposed in glass tubes.
Due to cavity dimensions, a transverse electric TE 111 mode was excited. It presented maximum E-field values in the center of the cavity when the cavity was empty. The resonant frequency was adjusted by changing the cavity height (after screwing two dumbbells). A good isolation was obtained using quarter-wavelength transitions (30.5 mm). The cavity was fed by a rectangular wave guide (WR340; size, 86 by 43 mm) through a circular aperture. A manual tuner (MT) (Fig. 1 ) (A13SMA 2450/340; Sairem, France) was used to match the system and reduce the standing wave ratio (SWR).
The test tube was placed inside the cavity through a circular aperture centered in the dumbbell. The cutoff frequency of the wave guide defined by this aperture was higher than the working frequency (2.45 GHz), and the evanescent wave was strongly attenuated because of the dumbbell length.
(ii) Microwave sequence exposure conditions. The function generator (G1) was programmed to deliver repetitive square wave pulses. Sequences for DW exposure were defined according to the microwave power and the average final temperature desired (37°C). They involved the two following stages: an initial heating exposure phase (H), necessary to rise from room temperature to 37°C, and a second phase, required for maintaining the average temperature at 37°C, corresponding to repetitive sequences of exposure (E) and nonexposure (NE). A 2.45-GHz continuous-wave (CW) microwave process was used during H and E phases.
This technology, being an original example of this operating system (including temperature evolution and duration of the different phases), will appear in Results.
The temperature of the cell culture in the glass test tube was routinely measured with a Teflon-coated thermocouple (CTX 1200; Avantec, France). Temperature measurements were done both before exposure and immediately after gentle shaking following the exposure. As shown in Fig. 3 , the maintenance of temperature at 37°C was not strictly obtained, and this parameter effectively varied between 37°C and a little more than 35°C. Control cells and sham exposed cells were maintained at room temperature (20°C) and gently sequentially shaken. For CH experiments, sham-exposed cells were placed directly in the metallic cavity in the absence of microwave exposure.
(iii) Convention of writing for the expression of heating exposure times. As appearing in Results and Discussion, the heating duration corresponds to the total heating length. In the case of DW, the convention for expressing exposure duration is more subtle. For a given experiment, the total exposure time (TE) (considered as duration) is given by equation 1:
where H is the preliminary temperature increase duration under microwave exposure necessary to reach 37°C from room temperature, NE is the no-exposure period duration, E is the microwave exposure period duration, and n is the number of times when the sequence (NE ϩ E) was made.
Thermal characterization. Thermal characterization of exposed cells was performed using a fluoroptic thermometer (model 501; Luxtron, California, USA). This system is based on a fluoroptic fiber optic sensor to measure temperature. It is immune to electromagnetic fields, and the probe is dedicated for temperature control of microwave processes and for temperature gradient mapping of fast temperature ramps. Typically, the response time is 0.25 s in stirred water, and the fluoroptic sensor, located at the end of the optic fiber, has a diameter of 0.8 mm and a thickness of 0.2 mm. Four samples were recorded per second for temperature measurement. These characteristics allow measuring a temperature in a volume that can be estimated around 1 and 2 mm 3 . In a previous study, we have estimated a 200-mK standard deviation for the temperature measurement (31) , and we have demonstrated the ability of this probe to measure this parameter in small volumes. It was used to compare computational and experimental estimates of the specific absorption rate (SAR) distribution in a chamber containing a volume of 0.5 ml of Hanks buffered salt solution (HBSS) (2-mm height) exposed to microwaves (32) . Point-to-point thermal measurements were carried out over the 3 dimensions of the tube volume with 1-or 2-mm spacing along the height of the sample and 3-mm spacing in the two other dimensions. For each measurement, the bacterial sample was maintained at room temperature (20°C) and the temperature was recorded during the initial exposure phase (H) and for 1 min after the end of H (i.e., during NE phase). The spatiotemporal distribution of temperature was monitored in the cell suspension for exposure of 200, 400, 800, 1,400, or 2,000 W.
Dosimetry. The finite difference time domain (FDTD) method (33-35) was used to determine the electromagnetic field and the SAR distributions in the tube as described in a previous study (28) . The electromagnetic field is calculated using the FDTD method applied to Maxwell's equations. The time-dependent equations were solved using space and time derivatives. The FDTD algorithm is based on a space grid where the electromagnetic field components were computed at each time step in the whole discretized volume. A criterion linking time step and spatial grid is used for algorithm stability. If needed, the free space can be considered using the highly effective, perfectly matched layer (PML) (36) . The shortest wavelength of the spectrum is required to be at least 10 times as great as the spatial grid size for appropriate spatial discretization. At 2.45 GHz, the wavelength is 12.2 cm in free space and around 1.5 cm in the solution, where the relative dielectric permittivity is around 75 (depending on the temperature). The finest resolution used was 0.33 by 0.33 by 0.33 mm. The waveguide, matching system, metallic cylindrical cavity, and coupling aperture were simulated. The excitation was done with a rectangular waveguide. The dielectric parameters used in this study were those of a typical aqueous medium. At 2.45 GHz and 37°C, the biological medium was simulated with a relative dielectric permittivity of 75, a conductivity of 2.85 S/m, and a density of 1,000 kg/m 3 . The glass material of the tube was modeled as lossless with a relative permittivity of 7.5. The computations were performed on a NEC SX8 vectorized supercomputer.
To quantify the amount of power absorbed per unit of mass of the solution, the specific absorption rate (SAR), expressed in W/kg, can be computed from the electromagnetic field with equation 2:
where E is the electric field (E-field) amplitude (V/m), is the electrical conductivity (S/m), and is the density (kg/m 3 ). In each elementary cell, the E field and the SAR were computed. The calorific dissipated power (E 2 in W/m 3 ) is directly proportional to the SAR and induces temperature elevation.
Data analysis. Exposures were compared with simultaneous sham and control cells in both cases. All the results presented in this study come from a minimum of four independent experiments. Assays on cell properties (culturability, membrane integrity, and protein leakage) for control cells, sham-exposed cells and CH-or DW-exposed cells were performed for 9 independent experiments with 5 measures per experiment. All data are expressed as means Ϯ standard deviations (SD). For group comparison, the analysis of variance (ANOVA) test was used. According to the weakness of microwave nonthermal effects and experimental facilities, statistical significance was defined as a P value of Ͻ0.01. Statistical analyses were carried out using the software program SYSTAT version 13.0. at a quasiconstant and sublethal temperature, as previously described in Materials and Methods. An example of temperature variations in parallel with time evolution appears at Fig. 3 . At 200 W, the H phase duration was 2.3 s. At the end of this phase, the temperature reached 37°C. A no-exposure phase (NE) followed (60 s). The temperature progressively decreased to 35°C. A 0.2-s MW exposure phase (E) was sufficient to increase temperature to 37°C. Another NE phase followed, etc. The addition of NE ϩ E phases constituted the global (M) phase. M phase varied from 0 to 30 min in the range from 0* to 5 to 10 to 20 to 30 min. 0* is the initial time for M phase, corresponding to the end of H phase. At time zero*, the physiological state of cells is the one resulting from the impact of a rapid temperature increase during H phase. Table 1 shows the variations of H phase duration (for a constant nonexposure [M] period fixed at 60 s) when the MW power varied from 200 to 2,000 W. This table also shows that the duration of H and E phases evolved as a function of time in a quasiinversely proportional mode.
RESULTS

Elaboration
Macroscopic biological investigations of microwave DW exposure. The effects of DW exposure on Escherichia coli were compared to the ones obtained after conventional heating (CH) in a water bath at sublethal temperatures (Table 2) . Whatever the exposure mode, and after pour spreading on agar plates, no apparent death was noticed at 37°C for contact times increasing up to 30 min and for microwave power values (in the case of DW) varying from 200 to 2,000 W. In addition, another parameter was studied, the amount of protein released in the medium, since the leakage of cell components could be an indicator of the loss of membrane integrity. Exposure to CH in a water bath or to DW induced no statistically significant effect on protein leakage, regardless of the microwave power and the exposure time at least in the case of DW investigation. Membrane damage, if any, at this temperature and under these conditions could be repaired, showing a little impact of exposure on cellular revivification.
Physiological approach of Escherichia coli sensitivity to DW and CH at sublethal temperature. The physiological state of the bacterium differed according to the mode of exposure at the tem- a "H" corresponds to the heating phase, "E" to exposure, and "NE" to nonexposure phases ("E" ϩ "NE" correspond to the M phase, which maintains the temperature).
perature of 37°C, and noticeable differences appeared when the contact was realized under CH or under DW (Fig. 4) . Cell membrane integrity was assessed using propidium iodide (PI) incorporation detected by FCM. PI is a DNA binding probe that diffuses only into the cells with a damaged membrane. Specific PI-DNA binding then results in a red fluorescence emission that can be detected by FCM. As a positive control, a conventional heat-treated sample (95°C during 15 min) was used. The FCM analyses reveal around 100% of permeabilized cells after heat treatment (data not shown). An example of the cytograms of the different samples obtained after FCM analysis in conjunction with PI appears in Fig. 4 . Cyto- Cell treatments for panels B and C were performed at 37°C during the heating phase (temperature increase from room level up to 37°C). Windows R1, R2, and R3, respectively, corresponded to highly, low-level-, and no PI-stained cells.
gram A corresponds to a control cell suspension maintained at room temperature. Cell treatments for cytograms B and C were performed at 37°C during the heating phase (increase from room temperature to 37°C) with conventional heating (B) or DW heating (C) (400 W in this example). Red versus green fluorescence intensities showed clearly three cell populations after DW exposure: a highly PI-stained cell population (R1), a low-level-PI-stained cell population (R2), and a no-PI-stain cell population (R3). The cell response to temperature exposure varied according to the contact mode. Cell suspension at 37°C with CH exhibited 0.4 to 0.7% of R1 permeabilized cells regardless of the exposure duration (Fig. 4 and Fig. 5 ). Under such conditions, no statistically significant differences of membrane integrity were found compared to results obtained with control and sham-exposed cell suspensions maintained at room temperature, which exhibited 0.3 to 0.5% of R1 cells (Fig. 4A) .
DW exposure induced approximately 8% of R1 cells at the maximum (Fig. 4C and 5 ). Variations in results were statistically significant (P ϭ 0.001) from 400-to 2,000-W exposure. For all exposure durations, the percentage of R1-permeabilized cells was slightly greater for bacterial suspensions exposed to 400 or 800 W than for suspensions exposed to 1,400 or 2,000 W (Fig. 5) . No statistically significant effect on cell permeability was detected for 200-W-DW exposure compared to results with CH treatment.
By adding both R1 and R2 cell levels, 9 to 10% of cells with modified membrane integrity were found for a 400-W-DW exposure (Fig. 4A) , whereas only 0.8 to 1% of cells of the same type were recorded for a 200-W-DW exposure (Fig. 4B) or after CH and 0.5 to 1% for control and sham-exposed cells maintained at 20°C. Control and sham-exposed cells maintained at 20°C exhibited only 0.5 to 1% of membrane-permeabilized cells.
Results shown in Fig. 4 were obtained after a contact time (TE) of 5 min. Increasing exposure times up to 30 min did not induce any increase in the percentage of permeabilized cells (Fig. 5) . Thus, the H phase appeared to be the most responsible for the measured effects of microwaves on the membrane integrity. Moreover, when a cell suspension previously heated at 37°C under the conditions of CH was then immediately subjected to the M phase under DW conditions, no effect on membrane integrity was seen even after a 15-min contact time. Since it is known that microwaves effects are heterogeneous when applied to living cells or organisms (2, 6-9, 37), the hypothesis of local superheating within the E. coli population during the H phase was suggested. In order to determine at which temperature a biological denaturation effect begins to occur, with close to the 8% of R1-permeabilized cells obtained after DW exposure, as appearing at Fig. 4 , the effect of increasing temperature in CH conditions was studied. The results showed that conventional heating at 47°C for 10 min or at 48°C for 5 min was necessary to induce approximately the same effect as DW exposure (Fig. 6) .
Approaching the DW/CH exposure consequences for Escherichia coli cells in a thermic respect. The SAR distribution was investigated using FDTD numerical simulation in order to characterize the microwave exposure conditions. Simulation of SAR distributions in a DW-exposed cell sample showed a great heterogeneity: simulated SAR could reach 0.89 W/g at the maximum for 1-W incident power (Table 3) . In other terms, 0* is the length of the H phase, which varied from a given W (exposure power) value to another. T, total population. The spatial SAR distribution is presented in Fig. 7 . In order to illustrate the SAR distribution in the whole medium, a three-dimensional (3D) view of the solution and slices along the test tube was plotted. It can be observed that the SAR distribution is not homogenous and highlights two SAR hot spots near the top and the bottom of the test tube, where the maximum SAR values are obtained.
During the initial phase (H), SAR peak values were very high, ranging from 38 W/g for 200-W incident power up to 380 W/g for 2,000-W power (Table 4 ). In the M phase, the whole-volume SAR reached 0.125 W/g (125 W/kg), averaging values over the time for all applied incident powers (Table 4) . Nevertheless, this phase did not induce any temperature rise due to the temperature difference between the cell sample (at an approximate average temperature of 37°C) and the surrounding atmosphere in the cavity (approximately at room temperature). For both treatments (CH or DW), the numeration of culturable cells on nutrient solid medium after treatment did not show any statistically measurable cell mortality (data not shown).
Because modifications of the cell membrane integrity after cell exposure might be attributed to localized thermal effects, further investigations were carried out to search for the existence of thermal hot spots in the cell suspension. Temperature measurements were carried out with DW-exposed samples during H and NE phases, corresponding to 1-min acquisition. The spatiotemporal temperature distributions were similar for the different power levels (200 to 2,000 W). Figure 8 represents the temperature distribution along the central axis of a 400-W-DW-exposed sample. The results showed a heterogeneous spatiotemporal distribution of temperature: the top of the cell suspension was warmer than what was observed at the bottom of the last one (Fig. 8) . However, the cooling time rate was shorter at the bottom than at the top of the suspension, probably because of the existence of convection phenomena. A rapid rise of temperature during this H phase was observed in all measured sampling points. Nevertheless, point-topoint measurements over the three dimensions of the sample volume did not show the presence of localized thermal hot spots corresponding to temperatures higher than 45 Ϯ 1°C after the end of H phase. The area containing the measurement spots higher than 37°C was located approximately between 0 and 8 mm below the meniscus of the cell suspension (Fig. 8) . The SAR hot spots induced a temperature gradient, and considering thermal phenomena, conduction, and especially convection, this heterogeneity causes a significant fluid motion, as illustrated in the experimental measurements and numerical simulation, including the fluid velocity in the heat transfer equation (28) . This analysis supports the concept that SAR hot spots do not directly induce thermal hot spots, as illustrated in the temperature measurements (Fig. 8) .
DISCUSSION
Despite many studies on effects of low-and high-power MW on biological systems, the mechanism responsible for the observed bioeffects remains uncertain. Because of the lack of information on the mechanism of interaction between microwave and biological systems, a low-temperature process based on DW energy was developed to investigate their effects on microorganisms under sublethal conditions.
Our results showed that DW exposure at 37°C did not induce any significant E. coli mortality (culture on solid medium) but had an effect on membrane integrity (PI staining) of a small part of the bacterial population. Indeed, we found approximately 8% of R1-permeabilized cells after exposure, while conventional heating at 37°C did not induce any effect on membrane permeability compared to that of untreated cell suspensions. Moreover, it can be noticed that conventional heating at 47°C for 10 min or at 48°C for 5 min was necessary to induce the same effects. From these results, it is not possible to establish a direct link between the effect on membrane permeability and a temperature increase after micro- wave exposure. The challenge in investigating the specific effects of microwave exposure on microorganisms at sublethal temperatures involves the inherent difficulty in measuring the temperature of a sample during microwave processing and the inaccuracies in measurement that can result (9) . For this reason, this study was designed using accurately controlled experimental conditions and well-defined microwave parameters. Special attention was paid to temperature measurements using a fast-response probe immune to electromagnetic fields, which integrates temperature on a volume of the order of cubic millimeters with a time resolution shorter than 0.25 s. Under these experimental conditions, thermal characterization during the heating step clearly revealed a heterogeneous temperature distribution in the cell suspension, but no spots above 45 Ϯ 1°C were measured over the cell suspension volume. Moreover, if the observed membrane damage was the consequence of a thermal effect, these effects would be observed regardless of the applied powers (with a temperature increase around 17°C in the H phase). In our study, the cell response is power dependent: no effect was observed at 200 W, whereas significant effects were pointed out for power equal to or higher than 400 W. No more severe damage related to the applied power increase was observed over 400 W. From these results, the hypothesis of a specific electromagnetic threshold effect can be advanced. For 400-W and 800-W incident powers, the results appear very similar, whereas for higher power, the percentage of damaged cells slowly decreases. This phenomenon could be explained by the exposure duration, which is shorter for highest powers. These remarks can complete the analyses provided by Shamis et al. (9) in their recent study. According to these authors, there is a possible specific effect of 18-GHz microwave radiation at sublethal temperatures on bacteria very similar to that of electroporation of the cell membrane and which appears to be electrokinetic in nature (9, 38) .
Whereas a number of studies investigating the bactericidal effects of microwaves exist, few data on the specific effects of microwaves on prokaryotic cell membrane are available. In the electroporation theory (39) , cell membrane pore formation generally results in cell material leakage and sometimes in cell lysis. The fact that no protein leakage was measured in DW-exposed samples was probably due to the low percentage of permeabilized cells. Moreover, the nature and extent of membrane damage might be insufficient to allow release of cell components, at least proteins. Those effects led us to think that DW exposure under the experimental conditions of this study might induce reversible membrane fluidity modification. Such a hypothesis could join that of a study by Orlando et al. (1994) of liposomes (40) . These authors reported that microwaves could not induce membrane disruption but could induce pore formation. Consequently, the dielectric cell membrane rupture theory (41) may not be advanced to explain the DW-induced effects on membrane permeability. Instead of this theory, a phenomenon close to the electroporation theory appears more convincing. Although the mechanism by which electroporation occurs is incompletely understood, it is generally believed that a rapid structural rearrangement of the membrane occurs, whereby some or many aqueous pores perforate the membrane. When an imposed transmembrane potential reaches a threshold value, a rearrangement in the molecular structure of the membrane occurs, leading to the formation of pores and a substantial increase in cellular permeability to ions and molecules. Depending on the field strength and exposure time, the subsequent removal of the electric field may then allow the cell membrane to regain its structural integrity (9) .
The temperature assessment is a key step in such experiments. Even if those experimental data suggested that the temperature reached by the microwave-exposed samples for the contact time studied was not high enough to explain the measured modification of cell membrane integrity, the heterogeneity should be considered.
This study focuses on characterization of microwave effects at the macroscopic level, corresponding to bulk solution measure- 
